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Abstract 

Introduction: The identification of new progenitor cell sources is important for cell-based tissue engineering 
strategies, understanding regional tissue regeneration, and modulating local microenvironments and immune 
response. However, there are no reports that describe the identification and isolation of mesenchymal progenitor 
cells (MPCs) from paranasal sinus mucosa, and compare the properties of MPCs between tissue sources within the 
sinonasal cavity. We report here the identification of MPCs in the maxillary sinus (MS) and ethmoid sinus (ES). 
Furthermore, we contrast these MPCs in the same individuals with MPCs from two additional head and neck tissue 
sources of the inferior turbinate (IT) and tonsil CD- 
Methods: These four MPC sources were exhaustively compared for morphology, colony-forming potential, 
proliferation capability, immunophenotype, multilineage differentiation potential, and ability to produce 
soluble factors. 

Results: MS-, ES, IT-, and T-MPCs showed similar morphologies and surface phenotypes, as well as adipogenic, 
osteogenic, and chondrogenic differentiation capacity by immunohistochemistry and qRT-PCR for defined lineage- 
specific genes. However, we noted that the colony-forming potential and proliferation capability of ES-MPCs were 
distinctly higher than other MPCs. All MPCs constitutively, or upon stimulation, secrete large amounts of IL-6, IL-8, 
IL-10, IFN-y, and TGF-(3. After stimulation with TNF-a and IFN-y, ES-MPCs notably demonstrated significantly higher 
secretion of IL-6 and IL-10 than other MPCs. 

Conclusions: ES-MPCs may be a uniquely promising source of MPCs due to their high proliferation ability and 
superior capacity toward secretion of immunomodulatory cytokines. 



Introduction 

Mesenchymal progenitor cells (MPCs) represent an im- 
portant progenitor cell population with multipotent ca- 
pabilities which may have high utility for translational 
clinical applications. MPCs can be isolated from bone 
marrow (BM-MPCs) and differentiate into several mes- 
enchymal lineages both in vitro and in vivo, such as 
bone [1-3], cartilage [1,2], adipose tissue [1,2] and mus- 
cle [1,4], In addition to their multilineage potential, 
MPCs have been shown to possess immunomodulatory 
properties with therapeutic potential to prevent graft- 
versus-host disease (GVHD) in allogeneic hematopoietic 
cell transplantation [5]. Given these properties, MPCs have 
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emerged as a promising tool for therapeutic applications in 
tissue engineering and regenerative medicine [6,7]. 

Although the BM has been the main source for the 
isolation of multipotent MPCs, BM procurement has 
numerous potential downsides, including pain, donor 
site morbidity and poor cell yield upon harvest. In the 
search for more optimal donor site substitutes, MPCs 
have been isolated from a number of adult tissues, in- 
cluding adipose tissue [8], synovial membrane [9], mus- 
cle [10,11], dermis [11], skin [12], trabecular bone [13], 
thymus [14], salivary gland [15], palatine tonsil [16] and, 
most recently, nasal mucosa [17]. 

The paranasal sinuses are a group of four paired air- 
filled cavities of the upper respiratory system that sur- 
round the central nasal airway. Two of these sinuses, the 
maxillary sinus (MS) and ethmoid sinus (ES), are both 
present at birth, and are the most common sites of sinona- 
sal inflammation in both pediatric and adult populations 
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[18]. The mucosa of both the MS and ES is an underap- 
preciated source of donor tissue that is readily accessible 
to any ear, nose and throat surgeon during endoscopic 
sinus surgery. As many superficial undiseased mucosal 
sites of the sinonasal tract still require dissection to 
provide patency to the deep-seated sinuses, this fairly 
abundant 'bystander' regional tissue can be uneventfully 
harvested from patients in a minimally invasive, virtually 
painless, low morbidity manner. Although recent studies 
suggest the presence of MPCs in the mucosa of the infe- 
rior turbinate (IT) within the nasal cavity, and osteopro- 
genitor cells in the MS mucosa [17,19,20], there are no 
reports identifying and isolating MPCs from the paranasal 
sinus mucosa or comparing the properties of MPCs by tis- 
sue source within the sinonasal cavity. The purpose of this 
study was to assess the presence and properties of MPCs 
in human MS and ES mucosa and to compare MPCs iso- 
lated from four different sources (MS, ES, IT and tonsil) in 
the same individuals with respect to their morphology, 
proliferation capacity, colony forming capacity, immuno- 
phenotype, ability to generate soluble regulatory cytokines 
and potential for multilineage differentiation. 

Materials and methods 

Isolation and culture of MPCs 

After obtaining Institutional Review Board (IRB) appro- 
val of Pusan National University Hospital, healthy, unin- 
fected mucosal tissue specimens from the MS, ES and 
IT were obtained from adult patients undergoing endo- 
scopic sinus surgery for chronic rhinosinusitis. Thirteen 
patients (eight males, five females) were enrolled from 
ages 20 to 56 years, (mean = 35.7 years) who each provi- 
ded informed consent under an IRB-approved protocol. 
Tonsil (T) tissues were obtained after informed consent 
from four of these patients undergoing both endoscopic 
sinus surgery for chronic rhinosinusitis and tonsillec- 
tomy for obstructive sleep apnea. Tonsils served as a 
control tissue population for this study. All specimens 
were completely normal macroscopically and histology 
showed no evidence of inflammation in the part of the 
specimen that was obtained. 

To isolate IT, MS, ES and T-derived MPCs, mucosa 
and tonsil tissues were washed extensively with an equal 
volume of phosphate-buffered saline (PBS) in order to 
remove the majority of erythrocytes. Tissues were cut 
into 1 to 2 mm pieces, and digested with 0.075% colla- 
genase type I (Sigma, St. Louis, MO, USA) at 37°C for 
30 minutes. Enzyme activity was neutralized with a- 
modified Eagles medium (a-MEM) containing 10% fetal 
bovine serum (FBS) and the sample was centrifuged at 
1,200 x g for 10 minutes. The cell pellet was filtered 
through a 100 um nylon mesh to remove cellular deb- 
ris and adhered overnight at 37°C/5% C0 2 in control 
medium (a-MEM, 10% FBS, 100 unit/ml of penicillin, 



100 (ig/ml of streptomycin) on 100 mm petri dishes. Fol- 
lowing this incubation step, plates were washed extensively 
with PBS to remove residual non-adherent red blood cells. 
The remaining cells were maintained at 37°C/5% C0 2 in 
control media. One-week later, when the monolayer of 
adherent cells reached confluence, cells were trypsinized 
(0.05% Trypsin-EDTA; Sigma), resuspended in a-MEM 
containing 10% FBS, and subcultured at a concentration of 
2,000 cells/cm 3 . Each subsequent passage via subculture 
occurred on a weekly basis under similar conditions. 

Colony-forming and cell proliferation assay 

To evaluate colony number per inoculated cell, 100 ad- 
herent cells at the second passage were re-plated and 
cultured for seven days on 60 cm 2 dishes in standard 
culture medium. The cells were subsequently fixed with 
4% paraformaldehyde, stained with 0.5% crystal violet 
for five minutes, and washed twice with distilled water. 
The number of colonies was then counted. Colonies less 
than 2 mm in diameter and faintly stained colonies were 
not further assessed. 

To estimate cell proliferation, adherent cells at this 
same passage above were plated onto 24- well plates (10 4 
cells/well) in a-MEM containing 10% FBS. MTT (3-(4,5- 
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assays were performed one, two, three and four days 
after plating using our established protocol [21]. Briefly, 
growth medium containing 0.25 mg/ml MTT (Sigma) 
was added to each well, which was further incubated 
at 37°C for 20 minutes. After incubation, the MTT 
solution was removed and 0.2 ml/well dimethyl sulfoxide 
(DMSO; Sigma) was added to solubilize the cells. The op- 
tical absorption of each well was measured at 540 nm with 
a microtiter ELISA reader (ELX800, BioTek, Winooski, 
VT, USA). 

Immunophenotypic analysis 

Flow cytometric analysis was used to characterize the 
phenotypes of the MPCs. For experiments, we used the 
third or fourth passage of MPCs. At least 50,000 cells (in 
100 uL PBS, 0.5% bovine serum albumin (BSA), 2 mmol/L 
EDTA) were incubated with fluorescein isothiocyanate- 
labeled monoclonal antibodies against human CD90, 
CD44, CD73, HLA-ABC, CD45, CD31 and HLA-DR (BD 
Biosciences Clontech, Palo Alto, CA, USA) or with the re- 
spective isotype control antibody. After washing, labeled 
cells were analyzed by flow cytometry using fluorescence- 
activated cell sorting (FACS) Caliber flow cytometer and 
Cell Quest Pro software (BD Biosciences, San Diego, 
CA USA). 

Multilineage differentiation of MPCs 

MPCS were analyzed for their capacity to differentiate 
toward the adipogenic, osteogenic Fand chondrogenic 
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lineages. The third or fourth passage of MPCs was used 
for these experiments. 

Adipogenic differentiation was induced by culturing 
MPCs for three weeks in adipogenic media (1 uM de- 
xamethasone, 100 (ig/ml 3-isobutyl-l methylxanthine 
(IBMX), 5 (ig/ml insulin and 60 uM indomethacine, 
and 10% FBS in a-MEM) and assessed using an Oil Red 

0 stain as an indicator of intracellular lipid accumulation. 
Prior to staining, the cells were fixed for 15 minutes at 
room temperature in 70% ethanol. The cells were incu- 
bated in 2% Oil Red O reagent for one hour at room 
temperature. Excess stain was removed by washing with 
70% ethanol, followed by several changes of distilled 
water. To quantify adipogenic differentiation, the amount 
of Oil Red O was determined by measuring the optical 
density at 510 nm with a spectrophotometer after treat- 
ment with isopropyl alcohol. The results were then nor- 
malized to the protein contents of the samples. 

Osteogenic differentiation was induced by culturing 
MPCs for three weeks in osteogenic media (0.1 mM de- 
xamethasone, 10 uM (3-glycerophosphate, 50 (ig/ml as- 
corbic acid and 10% FBS in a-MEM) and examined for 
extracellular matrix calcification by Alizarin red S stain- 
ing. For Alizarin red S staining, the cells were fixed with 
70% ethanol and washed with distilled water. The cells 
were incubated in 2% Alizarin red solution for 15 
minutes at room temperature, and washed several times 
with distilled water to clear the stain. In order to evalu- 
ate alkaline phosphate (ALP) activity, an early marker of 
osteoblast activity, samples were treated with 100 ul 50 
mM p-nitrophenyl phosphatase hexahydrate containing 

1 nm MgCl 2 , and incubated for 20 minutes at 37°C. To 
quantify osteogenic differentiation, optical densities were 
measured at 405 nm with a spectrophotometer. The re- 
sults were then normalized to the protein content within 
the samples. 

Chondrogenic differentiation was induced using the 
micromass culture technique. Briefly, 10 ul of a concen- 
trated MSC suspension (3 x 10 5 cells/ml) were plated 
into the center of each well and allowed to attach at 
37°C for two hours. Chondrogenic media (CM,1% FBS, 
0.1 mM dexamethasone (Sigma), 50 (ig/ml ascorbic acid, 
ITS + 1 (insulin-transferrin-selenium; Sigma), 10 ng/ml 
TGF-pl (Sigma), 10 ng/ml in a-MEM) was gently over- 
laid so as not to detach the cell nodules, and cultures 
were maintained in CM for four weeks prior to analysis. 
Chondrogenesis was confirmed by immunohistochemis- 
try. Micromasses were harvested after four weeks culture 
and immediately frozen in optimum cutting temperature 
medium. Sections 10 um thick were cut and fixed in 4% 
paraformaldehyde. For collagen type II staining, sections 
were first blocked with 10% horse serum, incubated with 
purified anti-mouse collagen type II antibody (BD Bio- 
science, San Jose, CA, USA) for one hour, and washed 



with PBS (pH 7.4). Cells with bound antibodies were de- 
tected with a peroxidase substrate kit (Vectastain ABC 
kit; Vector Laboratories, Burlingame, CA, USA). Sec- 
tions were washed, counterstained with hematoxylin and 
examined by light microscopy. 

Quantitative real-time reverse transcription-polymerase 
chain reaction 

For quantitative real-time polymerase chain reaction 
(qRT-PCR) analysis, total RNA was isolated from each 
of the cell donor cultures from Day 21 monolayer cultured 
cells using Trizol reagent (Invitrogen Corp., Carlsbad, CA, 
USA). Isolated RNA was then reverse-transcribed using 
random hexamers. RT-PCR was performed using 10 ng 
of cDNA and SYBR Green mix (Bio-Rad Laboratories, 
Hercules, CA, USA). Transcript-specific primers were de- 
signed based on GenBank cDNA sequences listed in 
Table 1: (a) signature markers of adipogenesis: lipo- 
protein lipase (LPL) and peroxisome proliferator-activated 
receptor-gamma (PPARy), (b) markers of osteogenesis: 
ALP and osteocalcin (OC), (c) markers of chondrogenesis: 
collagen type II al (COL2A1) and aggrecan (AGN). Ex- 
pression levels are presented as the fold increase over that 
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
using the formula 2 (ACt) , where ACt = Ct of target gene - 
Ct of GAPDH. 

Detection of cytokine secretion by MPCs 

Secretion of interleukin (IL)-2, IL-4, IL-5, IL-6, IL-8, 
IL-10, IL-13, tumor necrosis factor (TNF)-a, inter- 
feron (INF)-y, transforming growth factor (TGF)-p was 



Table 1 Reverse transcription-polymerase chain reaction 
primer sequences 


Primer name 


Sequence i^S 1 ) 


Size (bp) 


GAPDH 


Sense: GGACTCATGACCACAGTCCATGCC 
Antisense: TCAGGGATGACC1TGCCCACA 


152 


LPL 


Sense: GAGAmCTCTGTATGGCACC 
Antisense: CTGCAAATGAGACACmCTC 


276 


PPARy 


Sense: TGAATGTGAAGCCCATOAA 
Antisense: CTGCAGTAGCTGCACGTG^ 


161 


ALP 


Sense: TGGAGOTCAGAAGCTCAACACCA 
Antisense: ATCTCGTOTCTGAGTACCAGTCC 


454 


OC 


Sense: ATGAGAGCCCTCACACTCCTC 
Antisense: GCCGTAGAAGCGCCGATAGGC 


294 


AGN 


Sense: TGCGGGTCAACAGTGCCTATC 
Antisense: CACGATGCCmCACCACGAC 


182 


C0L2A1 


Sense: GGAAACmGCTGCCCAGATG 
Antisense: TCACCAGGTOACCAGGATOC 


167 



AGN, aggrecan; ALP, alkaline phosphatase; bp, base pairs; COL2A1, collagen 
type II al; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; LPL, lipoprotein 
lipase; OC, osteocalcin; PPARy, peroxisome proliferator-activated receptor-gamma. 
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detected by DuoSet Human Immunoassay (R&D Systems, 
Wiesbaden, Germany), according to the manufacturers 
protocol Third-passage cells were washed three times 
with Dulbeccos modified Eagles medium (DMEM) and 
cultured for 48 hours in standard medium at a concentra- 
tion of 1 x 10 6 cells/ml. To evaluate the responsiveness of 
MPCs to immunological signals, cells were incubated with 
TNF-a (1,000 U/ml) and IFN-y (400 U/ml) for 16 hours. 
Supernatant samples were run in triplicate and compared 
to standard curves. 

Statistical analysis 

All experiments were repeated at least in triplicate. Data 
are presented as mean ± SEM from all tissue specimens 
isolated. Statistical significance was assessed by one-way 
repeated analysis of variance (ANOVA), followed by 
Tukeys honest significant difference (HSD) post hoc 
test using SPSS software package version 13.0 (SPSS 
Inc., Chicago, IL, USA). A value of P <0.05 was consi- 
dered significant. 

Results 

Isolation and proliferation characteristics of MS-MPCs, 
ES-MPCs, IT-MPCs and T-MPCs 

At an initial plating density of 1 x 10 6 cells/cm 2 , MS, ES, 
IT and T-derived fibroblastoid cells formed a monolayer 
four to five days after initial plating. These putative MS, 
ES, IT and T-derived MPCs (IT, MS, ES and T-MPCs) 
were of serpiginous or fibroblast-like morphology similar 
to previously reported adipose tissue and bone marrow- 
derived MPCs (Figure 1A). This morphology was main- 
tained during passage in monolayer culture. 

To examine the frequency of MPCs present from each 
cell source, we observed the colony-forming capabilities 
of each MSC type and counted the number of colonies 
in dishes stained with crystal violet (Figure IB). The 
number of colonies per 100 inoculated cells, that is, 
colony-forming efficiency, was significantly higher in 
ES than MS, IT and T tissues (P = 0.004). However, 
no significant differences were found among the MS, 
IT and T groups (Figure 1C). 

The proliferation capability of MS-MPCs, ES-MPCs, 
IT-MPCs and T-MPCs was analyzed by MTT assay. Al- 
though plated at the same initial cell number (1 x 10 4 
cells/well), ES-MPCs proliferated at a faster rate com- 
pared with MS-MPCs, IT-MPCs and T-MPCs at days 3 
and 4 (P = 0.001 and P < 0.001, respectively) (Figure ID). 
On days 1 and 2, no significant differences were noted 
between any of the groups. 

Immunophenotypic characterization 

To further characterize these cells, cell surface markers 
were examined by flow cytometry. MPCs from all sour- 
ces were positive for CD90, CD44, CD73, and HLA-ABC 



and negative for CD45, CD31, and HLA-DR, with no sig- 
nificant differences noted between the four cell source 
populations (Figure 2). 

Adipogenic differentiation capacity 

Adipogenic differentiation was demonstrated by the ac- 
cumulation of neutral lipid vacuoles indicated by the Oil 
Red O staining. After adipogenic induction, a significant 
fraction of the cells contained multiple, intracellular 
lipid-filled droplets that stained by Oil Red O in MS-, 
ES-, IT- and T-MPCs (Figure 3A). No red staining was 
detected in control groups (data not shown). Optical 
densities were significantly higher in MS-, ES-, IT- and 
T-MPCs groups than in the control group (P = 0.003, 
P = 0.002, P = 0.003 and P = 0.017, respectively). How- 
ever, there were no significant differences among any of 
the MPCs groups (Figure 3B). 

The expression of LPL and PPARy were analyzed by 
qRT-PCR after 21 days of induction. The expression of 
LPL and PPARy were both up-regulated during adipo- 
genesis in all MPCs groups. However, there were no sig- 
nificant differences in the expression level of two 
markers among any of the MPCs groups (Figure 3C,D). 

Osteogenic differentiation capacity 

Osteogenic differentiation was confirmed by the detec- 
tion of an osteogenic phenotype consisting of an increased 
expression of ALP and the deposition of Alizarin red S 
stained mineralized matrix, calcification appearing as red 
regions within the cell monolayer. Consistent with osteo- 
genesis, several red regions in Alizarin red S staining were 
observed in MS-, ES-, IT- and T-MPCs (Figure 4A). No 
red regions were detected in control groups (data not 
shown). ALP activities were significantly higher in MS-, 
ES-, IT- and T-MPCs groups than in the control group 
(P <0.001, P <0.001, P <0.001 and P = 0.006, respectively). 
However, there were no significant differences among any 
of the MPCs groups (Figure 4B). 

The expression of osteogenic genes was assessed by 
qRT-PCR. Up-regulated mRNA expression of ALP and 
OC was observed in all MPCs groups. No significant dif- 
ferences in the expression level of these genes were seen 
among any of the MPCs groups (Figure 4C,D). 

Chondrogenic differentiation capacity 

Compared with the control group, chondrogenic dif- 
ferentiation of MPCs was confirmed by the formation 
of a sphere in micromass culture. The size of a sphere was 
not different among the MPCs groups (Figure 5A). Chon- 
drogenesis was further studied by analyzing the expression 
of cartilage-specific type II collagen. There was no signifi- 
cant difference in the expression of collagen type II among 
any of the MPCs groups. 
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MS-MSCs 
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T-MSCs 





Figure 1 Isolation characteristics and proliferation capability. (A) The fibroblast-like morphology of MPCs is shown after initial plating and at 
passage 2 (original magnification 100x, scale bar = 30 |im). (B) A total of 100 adherent cells were cultured in 60 cm 2 dishes for seven days and 
stained with 0.5% crystal violet. (C) The colony number per adherent cells was significantly higher in ES than IT, MS and T. (D) ES-MPCs proliferated 
at a faster rate compared with MS-, IT and T-MPCs at days 3 and 4 by M^ assay. Data are expressed as the mean ± SEM. * P = 0.004, \P = 0.001, 
i P <0.001. ES, ethmoid sinus; IT, inferior turbinate; MPCs, mesenchymal progenitor cells; MS, maxillary sinus; T, tonsil. 



COL2A1 and AGN mRNA levels increased in the MS-, 
ES-, IT- and T-MPCs groups. However, there were no 
significant differences in the expression level of these 
genes between the MPCs groups (Figure 5B,C). 

Analysis of cytokine secretion in MPCs 

To test whether MPCs display immune cell-like features, 
secretion of cytokines and response to inflammatory sig- 
nals were analyzed. MS-, ES-, IT- and T-MPCs constitu- 
tively secreted IL-6, IL-8, IFN-y and TGF- (3 that easily 
exceeded 1 pg/ml under standard culture conditions, al- 
though IL-2, IL-4, IL-5, IL-10, IL-13 and TNF-a were 
secreted less than 1 pg/ml or not detected (Figure 6). 



Furthermore, we investigated the responsiveness of MPCs 
to immunological signals and exposed these cells to a 
panel of cytokines, including TNF-a and IFN-y. MS-, 
ES-, IT- and T-MPCs upon exogenous stimulation se- 
creted much larger amounts of IL-6, IL-8, IL-10 and 
TGF-p. Interestingly, the expression of IL-6 and IL-10 
were significantly higher in the ES-MPCs than MS- 
MPCs, IT-MPCs and T-MPCs (P = 0.001 and P < 0.001, 
respectively). 

Discussion 

MPCs were initially isolated from bone marrow but are 
now shown to reside in almost all adult organs and 
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Figure 2 Immunophenotypic analysis of MS-, ES, IT- and T-MPCs. Flow cytometry showed positive expression for CD90, CD44, CD73 
and HLA-ABC and negative expression for CD45, CD31 and HLA-DR. The values represent the mean percentage of all assessed cells 
positively stained by the respective antibodies. ES, ethmoid sinus; IT, inferior turbinate; MPCs, mesenchymal progenitor cells; MS, maxillary sinus; 
T, tonsil. 



tissues [22]. The characteristics of MPCs depend not 
only on species-specific factors but also on the tissue 
sources from which the MPCs were harvested. Further- 
more, the isolation of MPCs from new tissue sources is 
critical as currently defined donor tissues have specific 
disadvantages, including large donor site morbidity as 
well as a dearth of MPCs upon harvest, requiring gener- 
ous amounts of donor tissue to be harvested. 

Ideal progenitor cell populations would be autologous 
cells that can be harvested without difficulty from each 
patient, manipulated efficiently in vitro, and autoim- 
planted back into the same patient [23]. In this study, 
we focused on the sinus mucosa, which is an easily ac- 
cessible donor tissue site that is routinely acquired as part 
of endoscopic sinus surgery, an exceedingly commonly 
performed surgical procedure throughout the world. Add- 
itionally, harvest of these tissues is ethically acceptable, 
since healthy 'bystander' mucosal specimens that are ac- 
quired during surgery are routinely discarded. In this 



report, we isolated and cultured MPCs from the mucosa 
of maxillary and ethmoid sinuses, and mesenchymal-like 
characteristics were able to be identified in both MS- 
MPCs and ES-MPCs, such as surface marker expression, 
plastic adherence, self-renewal and multilineage differenti- 
ation capacity. In addition, we compared these two MPCs 
to IT-MPCs and T-MPCs in the same individuals. The lat- 
ter cells were recently reported as an alternative source of 
MPCs in order to choose more optimal cell source for 
particular therapeutic purposes. 

The respiratory mucosa of maxillary and ethmoid si- 
nus is composed of a superficial epithelial lining and 
the underlying submucosa/lamina propria. The outer 
surface is a ciliated pseudostratified epithelium, while 
the deeper portion underneath a basement membrane 
is a highly vascularized connective tissue. Although it 
is difficult to determine the precise location of MPCs 
within the sinus mucosa, a number of studies have 
suggested that MPCs are likely to be localized within 
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Figure 3 Comparative analysis of adipogenic differentiation capacity of MS-, ES, IT- and T-MPCs. (A) Adipogenesis was detected by the 

formation of multiple, intracellular lipid-filled droplets stained with Oil Red 0 after induction for 21 days (original magnification 100x, scale bar = 

50 urn). (B) In the spectrophotometric analysis of Oil Red 0 staining, optical densities were significantly higher in MS-, ES-, IT- and T-MPCs groups 

than the control group. No significant differences were found between any of the MPCs groups. The expression of specific adipogenic genes was 

evaluated by real-time qRT-PCR. LPL (C) and PPARy (D) were up-regulated during adipogenesis in all MPCs groups. However, there were no 

significant differences in the expression level of two markers among any of the MPCs groups. Data are expressed as the mean ± SEM. * i P = 0.003, t, 

i4 P = 0.002, § P = 0.01 7, II P = 0.005, % ** P <0.001, tt P = 0.01 0, §§, II II P = 0.002, 11 P = 0.020. ES, ethmoid sinus; IT, inferior turbinate; LPL, lipoprotein 

lipase; MPCs, mesenchymal progenitor cells; MS, maxillary sinus; PPARy, peroxisome proliferator-activated receptor-gamma; T, tonsil, 
k J 
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Figure 4 Comparative analysis of osteogenic differentiation capacity of MS-, ES, IT- and T-MPCs. (A) Osteogenesis was demonstrated by 
several dark red regions stained with Alizarin Red S, indicative of calcified extracellular matrix under osteogenic differentiation condition (original 
magnification 100x, scale bar = 50 urn). (B) In the analysis of alkaline phosphatase activity, optical densities were significantly higher in MS-, ES, 
IT- and T-MPCs groups than control group. However, there were no significant differences among any of the MPCs groups. Up-regulation of the 
expression of specific osteogenic genes, ALP (C) and OC (D), were evaluated by real-time qRT-PCR. Data are expressed as the mean ± SEM. *, t, t, 
|| ; % ** # t §§, mi p <o.001, § P = 0.006, tt P = 0.042, 11 P = 0.040. ALP, alkaline phosphate; ES, ethmoid sinus; IT, inferior turbinate; MPCs, 
mesenchymal progenitor cells; MS, maxillary sinus; OC, osteocalcin; T, tonsil. 
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Figure 5 Comparative analysis of chondrogenic differentiation capacity of MS-, ES, IT- and T-MPCs. (A) Chondrogenesis was 
demonstrated by the formation of a sphere and type II collagen expression. There were no differences in the size of sphere and the 
immunohistochemical staining for type II collagen among any of the MPCs groups (original magnification 100x, scale bar = 50 urn). The 
expression of specific chondrogenic genes, COL2A1 (B) and AGN (C), was evaluated by real-time qRT-PCR. C0L2A1 and AGN were up-regulated 
during chondrogenesis in all MPCs groups. However, there were no significant differences in the expression level of two markers among any of 
the MPCs groups. Data are expressed as the mean ± SEM. *, t, *, II, % ** P <0.001, § P = 0.002, tt P = 0.005. AGN, aggrecan; COL2A1, collagen 
type II al; ES, ethmoid sinus; IT, inferior turbinate; MPCs, mesenchymal progenitor cells; MS, maxillary sinus; T, tonsil. 



the lamina propria underlying the basement membrane 
[24-26]. 

The morphological features of MS-MPCs, ES-MPCs, 
IT-MPCs and T-MPCs were similar to those descri- 
bed for BM-MPCs and showed plastic adherence and 
fibroblast-like growth. After an initial lag phase for four to 
five days, these adherent cells proliferated actively and be- 
came nearly confluent. Although adherent cells give rise 
to a mixed population of cells, only progenitor cells would 
possess the properties of self-renewal and multilineage 
potential. To identify colony-forming MPCs and to de- 
termine their proliferation capacity, the colony-forming 



efficiency and MTT assays were evaluated. Among the 
four MPCs derived from MS, ES, IT and tonsil, we un- 
expectedly discovered that ES-MPCs have the highest 
colony-forming potential and proliferation capability in 
culture. Furthermore, we demonstrate that ES-MPCs may 
potentially have higher proliferation capacity than BM- 
MPCs as previous studies have revealed that T-MPCs pos- 
sess faster population doubling time than BM-MPCs [16]. 

Several previous reports have documented the expres- 
sion of phenotypic markers in MPCs [27-29]. Immuno- 
phenotypic analysis of this study showed that the surface 
marker profiles of MS-, ES-, IT- and T-MPCs were 
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Figure 6 Cytokine secretion in MS-, ES, IT- and T-MPCs. IL-6, IL-8, IFN-y and TGF-(3 were constitutively secreted and easily exceeded 
1 pg/ml under standard culture conditions. However, IL-2, IL-4, IL-5, IL-10, IL-13 and TNF-a were secreted less than 1 pg/ml or not detected. 
MS-, ES-, IT- and T-MPCs upon stimulation secreted a large amount of IL-6, IL-8, IL-10 and TGF-(3. The expression of IL-6 and IL-10 were significantly 
higher in the ES-MPCs than MS-, IT- and T-MPCs. Data are expressed as the mean ± SEM. *, II, 1, **, §§§, HUH P = 0.001, t P = 0.009, §§, Ml, 
111 P <0.001, § P = 0.006, tt P = 0.003, P = 0.004, II II P = 0.006, *** P = 0.042, ttt P = 0.046. ES, ethmoid sinus; IT, inferior turbinate; MPCs, 
mesenchymal progenitor cells; MS, maxillary sinus; T, tonsil. 



compatible with those previously reported for MPCs. 
These cells were positive for CD90, CD44 and CD73 but 
negative for CD45, CD31 and HLA-DR. 

Multilineage differentiation potential has been con- 
sidered an important quality of MPCs. As shown by 
histochemical or immunohistochemical staining, optical 
density and qRT-PCR for defined lineage-specific marker 
genes, MS-, ES-, IT- and T-MPCs shared the capacity to 
differentiate into adipogenic, osteogenic and chondro- 
genic lineages in the presence of tissue-specific induction 
medium. However, there were no significant differences 
in multilineage differentiation capacity among any of the 
MPC groups. 

MPCs have recently been demonstrated to suppress 
T-, B-, natural killer (NK) and dendritic cell activities, 
thus exerting an immunoregulatory influence both in 
vitro and in vivo [5,30-33]. Although the immunosup- 
pressive mechanisms of MPCs remain to be clarified, it 
is generally accepted that the ability of MPCs to modu- 
late immune responses relies on cell contact-dependent 
mechanisms and select soluble factors secreted by MPCs. 
Several soluble factors have been proposed to mediate the 
immunosuppressive effect, including IL-6, IL-8, IL-10, 
IFN-y, TGF-p, granulocyte-colony stimulating factor 
(G-CSF) and granulocyte macrophage-colony stimulat- 
ing factor (GM-CSF) [23,34]. In the present study, all 
of MSC populations studied constitutively, or upon stimu- 
lation, secrete large amounts of IL-6, IL-8, IL-10, IFN-y 
and TGF-(3. Interestingly, after stimulation with TNF-a 
and IFN-y, we detected significantly higher secretions of 
IL-6 and IL-10 by ES-MPCs. IL-6 has been known to 
stimulate antibody secretion in human B cells [35] and 
IL-10 has been recognized to inhibit the differentiation 
of dendritic cells and increase the number of regula- 
tory T cells [23]. Taken together, these data show that ES- 
MPCs may be a highly robust source for MSC-mediated 
immunomodulation. 

Our studies also revealed similarities and differences 
among four different sources of MPCs from the same in- 
dividual. MS-, ES-, IT and T-MPCs can be regarded as 
potential cell sources for possible tissue engineering, re- 
generative medicine and immunomodulatory strategies. 
It is thought that clinical applications of MPCs may 
be based not only on their differentiation potential, 
but more likely on the abundance, frequency, prolife- 
ration potential and immunosuppressive capacity. In 



this regard, ES-MPCs may be an ideal source of MPCs 
in respect to easily repeatable accessibility without 
donor site morbidity, highest proliferation ability and el- 
evated secretion of soluble factors. These differences in 
properties of MPCs isolated from the ES and MS might 
be explained by differences in embryological develop- 
ment, as the endochondral origin of the ES makes these 
regions ontologically different from the other paranasal 
sinuses [36]. 

Human ethmoid sinus mucosa can be easily obtained 
via transnasal endoscopic approach without incision 
under topical anesthesia at outpatient clinics. Respiratory 
epithelium appears to regenerate mostly from undiffer- 
entiated basal cells from adjacent non-injured areas. If 
we preserve the mucoperiosteum over the bone, and 
thereby avoid areas of bone exposure, mucosal dysfunc- 
tion can be reduced after removal of sinus mucosa. Espe- 
cially, the ethmoid bulla is typically a rather large anterior 
ethmoid air cell and the most consistent and recognizable 
of the ethmoid cells. Most of the ethmoid sinus mucosa 
can be easily obtained from the inferior and medial por- 
tion of the ethmoid bulla. Therefore, major complications, 
such as a cerebrospinal fluid leak or orbital hemorrhage, 
rarely develop. 

This study is not devoid of inherent limitations. This 
in vitro study does not necessarily translate into MPCs 
that can or will exhibit the same potential in vivo. An- 
other consideration for the future clinical use of MPCs 
and notably ES-MPCs, is that these cells may be isolated 
from sinus mucosa that are frequently inflamed and in- 
fused with inflammatory mediators, and, therefore, indi- 
vidual differences in the patient mucosa due to local 
tissue effects may affect the properties of the MPCs. Fu- 
ture studies will address the exact characteristics and 
localization of sinus-derived MPCs and elucidate the ef- 
fects of inflammatory disease on MPCs both in vitro and 



Conclusions 

This study demonstrates that MPCs with multilineage 
differentiation potential and immunosuppressive property 
can be obtained from MS and ES mucosa. Most notably, 
ES-MPCs could be a novel and promising abundant 
source of MPCs due to their high proliferation ability 
and superior capacity toward secretion of immunomodu- 
latory cytokines. 



Cho et al. Stem Cell Research & Therapy 2014, 5:15 
http://stemcellres.eom/content/5/1/15 



Page 12 of 13 



Abbreviations 

ct-MEM: a-modified Eagle's medium; AGN: Aggrecan; ALP: Alkaline 
phosphatase; BM: Bone marrow; C0L2A1: Collagen type II a1; ES: Ethmoid 
sinus; FBS: Fetal bovine serum; GAPDH: Glyceraldehydes-3-phosphate 
dehydrogenase; IL: Interleukin; INF: Interferon; IT: Inferior turbinate; 
LPL: Lipoprotein lipase; MPCs: Mesenchymal progenitor cells; MS: Maxillary 
sinus; M^: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
OC: Osteocalcin; PBS: Phosphate-buffered saline; PPARy: Peroxisome 
proliferator-activated receptor-gamma; qRT-PCR: Quantitative real-time 
polymerase chain reaction; T: Tonsil; TGF: Transforming growth factor; 
TNF: Tumor necrosis factor. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

KSC participated in drafting the manuscript, acquisition of data, analysis and 
interpretation of data, and the conception and design of the work. HYP 
participated in acquisition of data, and analysis and interpretation of data. 
HJR participated in the interpretation of data. DB participated in the 
acquisition of data. PH participated in acquisition and interpretation of data. 
JN participated in the conception and design of the work, interpretation of 
data and editing of the manuscript. All authors read and approved the 
final manuscript. 

Author details 

department of Otorhinolaryngology and Biomedical Research Institute, 
Pusan National University School of Medicine, 1-10 Ami-dong, Seo-gu, Busan 
602-739, Korea, department of Otorhinolaryngology and Research Institute 
for Convergence of Biomedical Science and Technology, Pusan National 
University Yangsan Hospital, Yangsan, South Korea, department of 
Otolaryngology-Head and Neck Surgery, Stanford University School of 
Medicine, 300 Pasteur Drive, Edwards Building, R1 13, Stanford, CA 94305, 
USA. 

Received: 23 August 2013 Revised: 21 January 2014 
Accepted: 21 January 2014 Published: 24 January 2014 

References 

1. Delorme B, Charbord P: Culture and characterization of human bone 
marrow mesenchymal stem cells. Methods Mol Med 2007, 140:67-81. 

2. Liu TM, Martina M, Hutmacher DW, Hui JH, Lee EH, Lim B: Identification of 
common pathways mediating differentiation of bone marrow- and 
adipose tissue-derived human mesenchymal stem cells into three 
mesenchymal lineages. Stem Cells 2007, 25:750-760. 

3. Titorencu I, Jinga V, Constantinescu E, Gafencu A, Ciohodaru C, Manolescu I, 
Zaharia C, Simionescu M: Proliferation, differentiation and characterization 
of osteoblasts from human BM mesenchymal cells. Cytotherapy 2007, 
9:682-696. 

4. Bhagavati S, Xu W: Isolation and enrichment of skeletal muscle 
progenitor cells from mouse bone marrow. Biochem Biophys Res Com mum 

2004,318:119-124. 

5. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel M, 
Ringden O: Treatment of severe acute graft-versus-host disease with 
third party haploidentical mesenchymal stem cells. Lancet 2004, 

363:1439-1441. 

6. Klingemann H, Matzilevich D, Marchand J: Mesenchymal stem cells- 
sources and clinical applications. Transfus Med Hemother 2008, 35:272-277. 

7. Tuan RS, Boland G, Tuli R: Adult mesenchymal stem cells and cell-based 
tissue engineering. Arthritis Res Ther 2003, 5:32-45. 

8. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P, 
Lorenz HP, Hedrick MH: Multilineage cells from human adipose tissue: 
implications for cell-based therapies. Tissue Eng 2001, 7:21 1-228. 

9. De Bari C, Dell'Accio F, Tylzanowski P, Luyten FP: Multipotent 
mesenchymal stem cells from adult human synovial membrane. Arthritis 
Rheum 2001,44:1928-1942. 

10. Bosch P, Musgrave DS, Lee JY, Cummins J, Shuler F, Ghivizzani SC, Evans C, 
Robbins PD, Huard J: Osteoprogenitor cells within skeletal muscle. 
JOrthopRes 2000, 18:933-944. 

1 1 . Young HE, Steele TA, Bray RA, Hudson J, Floyd JA, Hawkins K, Thomas K, 
Austin T, Edwards C, Cuzzourt J, Duenzl M, Lucas PA, Black AC Jr: Human 



reserve pluripotent mesenchymal stem cells are present in the 
connective tissues of skeletal muscle and dermis derived from fetal, 
adult, and geriatric donors. Anat Rec 2001, 264:51-62. 

12. Shih DT, Lee DC, Chen SC, Tsai RY, Huang CT, Tsai CC, Shen EY, Chiu WT: 
Isolation and characterization of neurogenic mesenchymal stem cells in 
human scalp tissue. Stem Cells 2005, 23:1012-1020. 

13. Noth U, Osyczka AM, Tuli R, Hickok NJ, Danielson KG, Tuan RS: Multilineage 
mesenchymal differentiation potential of human trabecular bone- 
derived cells. J Orthop Res 2002, 20:1060-1069. 

14. Rzhaninova AA, Gornostaeva SN, Goldshtein DV: Isolation and 
phenotypical characterization of mesenchymal stem cells from human 
fetal thymus. Bull Exp Biol Med 2005, 139:134-140. 

15. Rotter N, Oder J, Schlenke P, Lindner U, Bohrnsen F, Kramer J, Rohwedel J, 
Huss R, Brandau S, Wollenberg B, Lang S: Isolation and characterization 
of adult stem cells from human salivary glands. Stem Cells Dev 2008, 
17:509-518. 

16. Janjanin S, Djouad F, Shanti RM, Baksh D, Gollapudi K, Prgomet D, 
Rackwitz L, Joshi AS, Tuan RS: Human palatine tonsil: a new potential 
tissue source of multipotent mesenchymal progenitor cells. Arthritis Res 
Ther 2008, 10:R83. 

17. Jakob M, Hemeda H, Janeschik S, Bootz F, Rotter N, Lang S, Brandau S: 
Human nasal mucosa contains tissue-resident immunologically responsive 
mesenchymal stromal cells. Stem Cells Dev 2010, 19:635-644. 

18. Silberstein SD: Headaches due to nasal and paranasal sinus disease. 
Neurol Clin 2004, 22:1-19. 

19. Graziano A, Benedetti L, Massei G, Cusella de Angelis MG, Ferrarotti F, 
Aimetti M: Bone production by human maxillary sinus mucosa cells. J Cell 
Physiol 2012, 227:3278-3281. 

20. Srouji S, Ben-David D, Lotan R, Riminucci M, Livne E, Bianco P: The innate 
osteogenic potential of the maxillary sinus (Schneiderian) membrane: an 
ectopic tissue transplant model simulating sinus lifting. Int J Oral Maxillofac 
Surg 2010, 39:793-801. 

21 . Wang BL, Sun W, Shi ZC, Lou JN, Zhang NF, Shi SH, Guo WS, Cheng LM, 
Ye LY, Zhang WJ, Li ZR: Decreased proliferation of mesenchymal stem 
cells in corticosteroid-induced osteonecrosis of femoral head. Orthopedics 
2008, 31:444. 

22. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, 
Deans R, Keating A, Prockop D, Horwitz E: Minimal criteria for defining 
multipotent mesenchymal stromal cells. The International Society for 
Cellular Therapy position statement. Cytotherapy 2006, 8:315-317. 

23. Hass R, Kasper C, Bohm S, Jacobs R: Different populations and sources of 
human mesenchymal stem cells (MSC): a comparison of adult and 
neonatal tissue-derived MSC. Cell Commun Signal 201 1, 9:12. 

24. Marynka-Kalmani K, Treves S, Yafee M, Rachima H, Gafni Y, Cohen MA, 
Pitaru S: The lamina propria of adult human oral mucosa harbors a novel 
stem cell population. Stem Cells 2010, 28:984-995. 

25. Powell DW, Pinchuk IV, Saada J, Chen X, Mifflin RC: Mesenchymal cells of 
the intestinal lamina propria. Annu Rev Physiol 201 1, 73:213-237. 

26. Hanson SE, Kim J, Johnson BH, Bradley B, Breunig MJ, Hematti P, 
Thibeault SL: Characterization of mesenchymal stem cells from human 
vocal fold fibroblasts. Laryngoscope 2010, 120:546-551. 

27. Mitchell JB, Mcintosh K, Zvonic S, Garrett S, Floyd ZE, Kloster A, Di Halvorsen Y, 
Storms RW, Goh B, Kilroy G, Wu X, Gimble JM: Immunophenotype of human 
adipose-derived cells: temporal changes in stromal-associated and stem 
cell-associated markers. Stem Cells 2006, 24:376-385. 

28. Schaffler A, Buchler C: Concise review: adipose tissue-derived stromal 
cells-basic and clinical implications for novel cell-based therapies. 
Stem Cells 2007, 25:818-827. 

29. Kern S, Eichler H, Stoeve J, Kluter H, Bieback K: Comparative analysis of 
mesenchymal stem cells from bone marrow, umbilical cord blood, or 
adipose tissue. Stem Cells 2006, 24:1294-1301. 

30. Le Blanc K: Immunomodulatory effects of fetal and adult mesenchymal 
stem cells. Cytotherapy 2003, 5:485-489. 

31. Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, Mcintosh K, Patil S, 
Hardy W, Devine S, Ucker D, Deans R, Moseley A, Hoffman R: Mesenchymal 
stem cells suppress lymphocyte proliferation in vitro and prolong skin 
graft survival in vivo. Exp Hematol 2002, 30:42-48. 

32. Ramasamy R, Fazekasova H, Lam EW, Soeiro I, Lombardi G, Dazzi F: 
Mesenchymal stem cells inhibit dendritic cell differentiation and 
function by preventing entry into the cell cycle. Transplantation 2007, 
83:71-76. 



Cho et al. Stem Cell Research & Therapy 2014, 5:15 
http://stemcellres.eom/content/5/1/15 



Page 13 of 13 



33. Ozaki K, Sato K, Oh I, Meguro A, Tatara R, Muroi K, Ozawa K: Mechanism of 
immunomodulation by mesenchymal stem cells. Int J Hematol 2007, 
86:5-7. 

34. Hwang JH, Shim SS, Seok OS, Lee HY, Woo SK, Kim BH, Song HR, Lee JK, 
Park YK: Comparison of cytokine expression in mesenchymal stem cells 
from human placenta, cord blood, and bone marrow. J Korean Med Sci 
2009, 24:547-554. 

35. Rasmusson I, Le Blanc K, Sundberg B, Ringden 0: Mesenchymal stem cells 
stimulate antibody secretion in human B cells. Scand J Immunol 2007, 
65:336-343. 

36. Jankowski R: Revisiting human nose anatomy: phylogenic and ontogenic 
perspectives. Laryngoscope 201 1, 121:2461-2467. 



doi:10.1186/scrt404 

Cite this article as: Cho et al.: Human ethmoid sinus mucosa: a 
promising novel tissue source of mesenchymal progenitor cells. Stem 
Cell Research & Therapy 201 4 5:1 5. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit momea central 



